ABSTRACT: Salmonella typhimurium AhpC is a founding member of the peroxiredoxin family, a ubiquitous group of cysteine-based peroxidases with high reactivity toward hydrogen peroxide, organic hydroperoxides, and peroxynitrite. For all of the peroxiredoxins, the catalytic cysteine, referred to as the peroxidatic cysteine (C P ), acts as a nucleophile in attacking the peroxide substrate, forming a cysteine sulfenic acid at the active site. Because thiolates are far stronger nucleophiles than thiol groups, it is generally accepted that cysteine-based peroxidases should exhibit pK a values lower than an unperturbed value of 8.3-8.5. In this investigation, several independent approaches were used to assess the pK a of the two cysteinyl residues of AhpC. Methods using two different iodoacetamide derivatives yielded unperturbed pK a values (7.9-8.7) for both cysteines, apparently due to reactivity with the wrong conformation of C P (i.e., locally unfolded and flipped out of the active site), as supported by X-ray crystallographic analyses. A functional pK a of 5.94 ( 0.10 presumably reflecting the titration of C P within the fully folded active site was obtained by measuring AhpC competition with horseradish peroxidase for hydrogen peroxide; this value is quite similar to that obtained by analyzing the pH dependence of the ε 240 of wild-type AhpC (5.84 ( 0.02) and similar to those obtained for two typical 2-cysteine peroxiredoxins from Saccharomyces cereVisiae (5.4 and 6.0). Thus, the pK a value of AhpC balances the need for a deprotonated thiol (at pH 7, ∼90% of the C P would be deprotonated) with the fact that thiolates with higher pK a values are stronger nucleophiles.
Salmonella typhimurium AhpC (StAhpC 1 ) is a member of the peroxiredoxin (Prx) family, a ubiquitous group of cysteine based peroxidases with high reactivity toward H 2 (1) . For all of the Prxs, the catalytic cysteine, referred to as the peroxidatic cysteine (C P ) acts as a nucleophile to attack and reduce the peroxide substrate, and in doing so becomes oxidized to form a cysteine sulfenic acid. The fate of the sulfenic acid differs in various Prx enzymes, forming a disulfide bond either with another cysteine in the Prx, or with an external thiol in redox donors such as thioredoxin, glutaredoxin, or reduced glutathione (2-Cys and 1-Cys Prx mechanisms, respectively). The typical 2-Cys Prxs, which form an intersubunit disulfide bond during turnover, include StAhpC and are the most widely distributed and abundant type of Prxs. In mammalian cells, they are on the order of 1% of the soluble protein (2, 3) . AhpC in Escherichia coli has been shown to have a primary role as a peroxide scavenger (4) , but since the discovery that many eukaryotic Prxs have an evolutionarily selected sensitivity to inactivation by peroxide (5) , evidence has been accumulating supporting the hypothesis that the primary role of these enzymes in higher organisms is to regulate peroxide signaling (2, 6, 7) .
Crystal structures of StAhpC have shown that the cysteine residues are oriented in very different ways depending upon the redox state of the protein. The structure of StAhpC with the C P mutated to Ser mimics the reduced conformation and represents a fully folded structure with the thiol(ate) form of the C P (C46) present in the first turn of an R-helix protruding into a highly conserved active site pocket, interacting with conserved Arg and Thr residues that likely serve to enhance its nucleophilicity (5) . The C R (C165) is in the C-terminal end of the protein and is ∼13 Å apart from and pointing away from the C P . In contrast, the structure of the disulfide-bonded protein exhibits a local unfolding of the R-helix containing the C P , flipping the thiol group out of the active site pocket (8) . The C R is also reoriented in this structure, and the C-terminus beyond C165 (21 residues) is disordered. Analysis of the subunit composition of StAhpC by analytical ultracentrifugation has shown that there is an intimate link between redox state and oligomeric arrangement for StAhpC; the reduced protein is a strong decamer in solution, while the oxidized protein tends to dissociate into dimers (8) . Recent studies have shown that the decameric arrangement of StAhpC enhances the peroxide reductase activity of StAhpC, presumably through the stabilization of the fully folded active site by the dimer-dimer interface (1) . If the local unfolding is unfavorable, as is the case for some eukaryotic enzymes, then the enzyme is highly sensitive to inactivation via further oxidation of C P by a second molecule of peroxide, leading to the formation of a sulfinic acid (C P -SO 2 H). While StAhpC is resistant to inactivation, this pathway appears to be important for peroxide signaling in eukaryotes (5, 9) .
It is generally accepted that, because thiolates are far stronger nucleophiles than thiol groups, cysteine-based peroxidases should exhibit pK a values that are significantly lower than the value of 8.3-8.5 observed for free cysteine to promote thiolate formation at the active site (10) . There is a tradeoff with lowering the cysteine pK a , however, in that the intrinsic nucleophilicity of a thiolate is lowered as the pK a is decreased (11, 12) . In spite of the importance of this property for chemical reactivity of Prxs, pK a values for the C P in Prxs have been assessed in only a very few cases.
The reported values range from pH 6.0 and 5.4 for yeast Tsa1 and Tsa2 (also known as cTPx1 and cTPx2) (13) to <5 reported for StAhpC (14) , although a rigorous experimental determination of the pK a for the active site cysteine has not been carried out for StAhpC or most other Prxs. Here, we present data from multiple different approaches used to assess the pK a of the cysteinyl residues of StAhpC. The pH dependence of alkylation rates using two different iodoacetamide derivatives yielded unperturbed pK a values between 7.9 and 8.7 for both cysteines, apparently due to reactivity with the wrong conformation of C P (i.e., flipped out of the active site), as supported by crystallographic analyses. Two other independent methods yielded perturbed pK a values of about 5.8 and 5.9 for C46 of wild type AhpC. The latter is, in fact, a functional pK a based on peroxide reactivity, supporting the interpretation that this measured pK a corresponds to the cysteine thiol(ate) within the active site.
EXPERIMENTAL PROCEDURES
Materials. Horseradish peroxidase, type VI (HRP), NADH, iodoacetamide, trichloroacetic acid, calcium chloride, ammonium sulfate, sodium citrate, boric acid, and sodium phosphate were purchased from Sigma. 5-Iodoacetamidofluorescein was purchased from Molecular Probes (Invitrogen). TPCK-treated trypsin was from Worthington Biochemicals, and 1,4-dithiothreitol (DTT) was from Anatrace. Diethylenetriamine pentaacetic acid (DTPA) and 2,5-dihydroxybenzoic acid were purchased from Acros Organics. Guanidine hydrochloride (GuHCl) was from Lancaster Synthesis (Ward Hill, MA). Ethylenediamine tetraacetic acid (EDTA), 2-mercaptoethanol, ammonium bicarbonate, and 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) were purchased from Research Organics. Sodium citrate, HCl, acetonitrile, and hydrogen peroxide were from Fisher, and PD-10 desalting columns were from GE Healthcare. Deuterated (d 5 ) and protiated (d 0 ) N-phenyl iodoacetamide (iodoacetanilide, abbreviated d 5 -IAAn and d 0 -IAAn, respectively) were synthesized as described previously (15) .
Methods. Protein Expression and Purification. Wild type Salmonella typhimurium AhpC and two mutant forms, C46S and C165S, were expressed in a non-His-tagged form from a vector, pTHCm-ahpC, derived from Invitrogen's pTrcHisA in which the -lactamase gene was replaced by a chloramphenicol resistance gene. E. coli strain TA4315 (16) was used for the expression of all AhpC proteins. The purification procedure for all proteins was essentially the same as that described previously (17, 18) ; DTT was maintained at 5 mM in all buffers used during the purification of C165S in order to prevent hyperoxidation of the C P . AhpC concentrations (in terms of monomers) were determined by absorbance at 280 nm with ε ) 24,300 M -1 cm -1 (17) .
Stability of AhpC toward Denaturation By GuHCl or Prolonged Incubation in Various pH
Buffers. AhpC (20 µg) in 1.5 mL of buffer containing 10 mM sodium phosphate, 10 mM boric acid, 10 mM sodium citrate, 1 mM EDTA, and 100 mM ammonium sulfate (pH 7.0) including varying concentrations of GuHCl (0-6 M) at 25°C was incubated for 2 h followed by measurement of the intrinsic tryptophan fluorescence at λ ex ) 280 nm and λ em ) 350 nm using an Aminco-Bowman Series 2 luminescence spectrofluorometer. The photomultiplier tube voltage was set so that a fresh sample without GuHCl gave a fluorescence intensity that was 50% of the maximal fluorescence value.
To assess the structural stability of the native protein in various pH buffers, AhpC (20 µg) was incubated at 23°C for 24 h in a final volume of 1.5 mL at various pH values from 3 to 10 in a buffer containing 10 mM sodium phosphate, 10 mM sodium citrate, 10 mM boric acid, 1 mM EDTA, and 100 mM ammonium sulfate (BPACE buffer), with the pH adjusted with either ammonium hydroxide or sulfuric acid. The intrinsic tryptophan fluorescence for each sample was measured as described above. After recording the data at each pH, the fluorescence intensity for each sample was measured under denaturing conditions by the addition of 10 µL of concentrated HCl.
Analysis of pK a Using pH Dependence of 240 nm Absorbance. AhpC (wild type and mutants) was reduced with 10 mM DTT for 10 min at room temperature, then separated from DTT using a PD-10 size exclusion column. The absorbance of 3 to 10 µM protein was measured in 1X BPACE buffer on an Agilent HP8453 diode array spectrophotometer at a variety of pH values. The amount of protein in solution was determined spectrophotometrically at 280 nm as described above and used to calculate the ε 240 at each pH. This value was plotted against pH and the pK a was determined by direct fit to eq 1, various incubation times, 20 µL aliquots were removed and quenched with 10 µL of 600 mM 2-mercaptoethanol. Samples were then separated by 12% SDS-PAGE, and the fluorescence associated with the protein and with the dye front (unreacted reagent) was measured on a STORM 840 fluorescence imager. Fluorescence intensity was determined using ImageQuant 5.2 gel analysis software. The percent of fluorescence in the protein fraction was plotted against time and fit to a single exponential equation to determine the k obs . The k obs at each pH was then plotted against pH, and the pK a was determined by direct fit to eq 1, where y ) k obs , A ) the upper plateau at high pH (the rate of reaction of the deprotonated form), and B ) the lower plateau at low pH (the rate of reaction of the protonated form).
Determination AhpC (0.5 mM) was reduced with 10 mM DTT for 10-15 min, then reisolated using a PD10 column. The reaction mixture was prepared with a final concentration of 40 µM AhpC in a total volume of 1.055 mL using 1X BPACE buffer at the desired pH. The reaction was initiated by the addition of 400 µM (final concentration) d 0 -IAAn, and aliquots of 2.5 nmol AhpC were removed at appropriate time points and quenched with 500 mM 2-mercaptoethanol. A standard amount of AhpC labeled with d 5 -IAAn (1.25 nmol) was added to each sample prior to precipitation on ice with cold trichloroacetic acid at 10% final concentration. After centrifugation, the protein pellet was washed with 0.5 mL of 1:1 ether/ethanol, recentrifuged, and resuspended in 40 mM ammonium bicarbonate, 1 mM CaCl 2 , and 10% acetonitrile at pH 8.5 and digested overnight at 37°C with 2.5 ng (50 ng/mL) trypsin. The two cysteines of AhpC are located on different tryptic peptides; C46 was monitored at 3836 or 3841 Da (representing the d 0 -and d 5 -labeled peptides, respectively; WSVFFFYPADFTFVCPTELGDVADHYEELQK), and C165 was monitored at 1745 or 1750 Da (representing the d 0 -and d 5 -labeled peptides, respectively; AAQYVAAHPGEVC-PAK) on a Brüker Autoflex MALDI-TOF mass spectrometer using dihydroxybenzoic acid as the matrix. Data were collected three times for every sample using the Autorun feature on the instrument. Peak intensities were used to determine the ratio of light to heavy peptides, and the ratios were plotted against time and fit to a single exponential equation to determine k obs . The actual pH of each reaction mixture was measured for the remaining sample. The k obs at each pH was plotted against pH, and the pK a was determined by direct fit to eq 1.
Determination of Reaction Rates of AhpC with Iodoacetamide, Fluorescein Iodoacetamide and IAAn at pH 7.
Wild type AhpC was reduced and exchanged into BPACE pH 7.0 as described above. AhpC was diluted to 40 µM, and the reaction was initiated by the addition of iodoacetamide, fluorescein iodoacetamide, or IAAn. For fluorescein iodoacetamide modification, the reaction progress was monitored by fluorescence after SDS-PAGE as described above. To measure reaction progress with iodoacetamide or IAAn, an aliquot of each sample at various times was quenched by addition of 100 mM DTT, then applied to a Bio-Gel P6 spin column to remove small molecules and exchange the protein into 25 mM potassium phosphate buffer with 1 mM EDTA at pH 7.2. The loss of free thiol groups was monitored by the addition of 0.25 mM DTNB (final concentration) to a cuvette containing 170 µL of the spin column flowthrough and 360 µL of buffer and measurement of the 412 nm absorbance. The concentration of free thiols was then determined on the basis of the release of 2-nitro-5-thiobenzoate (ε 412 ) 14,150 M -1 cm
) (19) . Protein concentration was determined by measurement of the 280 nm absorbance before DTNB addition.
Crystal Structure Determination of the IAAn Adduct of C165S AhpC. Purified C165S AhpC was separated from the DTT in the storage buffer using a PD10 column, then incubated with a 4-fold excess of d 0 -IAAn for 17 h at 4°C in 25 mM phosphate, 1 mM EDTA at pH 7.0. MALDI-TOF MS analysis confirmed that the protein was completely alkylated. The protein was then exchanged into 25 mM phosphate and 1 mM EDTA (pH 7) using a G25 size exclusion column to remove excess reagent and concentrated to 14.6 mg/mL using 20 kDa cutoff Apollo ultrafiltration devices (Orbital Biosciences, Topsfield, MA).
Crystals of the S-acetanilide modified form of C165S (AhpC-C46AAn) were grown at 4°C in hanging drops using a 0. Oscillation data were collected in house using Cu KR radiation, an R-axis IV detector, and ∆φ ) 1.0°. The crystals belong to trigonal space group P3 1 21 with one-half-decamer in the asymmetric unit and unit cell dimensions a ) b ) 136.91 Å, c ) 145.42 Å. AhpC-C46AAn data were merged from two isomorphous crystals, one with 60 images (20 min/ image) and the other with 90 images (30 min/image). Useable data extended to 4.0 Å resolution (Table 1) .
All crystallographic calculations were performed using ccp4 (20) version 5.99.5, and model viewing was done using Coot (21) version 0.2. The structure of AhpC-C46AAn was determined by molecular replacement using AmoRe (22) . Two search models were used, an AhpC structure with a fully folded active site (PDB entry 1N8J) and an AhpC structure with a locally unfolded active site (the T77V mutant of AhpC, PDB entry 1YF1). For the search models, only the protein atoms for one-half-decamer (chains A-E) were used. For the fully folded model, all chains were truncated after residue 166; for the locally unfolded model, no chains extended beyond residue 165, so no truncation was needed. Five percent of the data were randomly selected for crossvalidation. Using data from 15 to 4 Å resolution, both search models gave a unique solution that packed well in the unit cell. After rigid body refinement, no additional refinement was carried out before selection of the correct model due to the low resolution of the data. Electron density maps were calculated from both the fully folded and locally unfolded models. Omit maps were also generated from both models by removing residues 41 through 48 from each subunit prior to rigid body refinement. Noncrystallographic symmetry averaging was performed using DM (23) to improve the signal-to-noise ratio for each of the four maps. The locally unfolded model was further refined as a rigid body after removing significant clashes in the model by truncating all chains at residue 162 and using the rigid body fit zone option of Coot (21) ) (24, 25) . Wild-type AhpC was reduced with 10 mM DTT for 1 h at room temperature, then separated from DTT using a PD-10 column, and exchanged into 5 mM phosphate buffer containing 0.1 mM DTPA at pH 7.0. Stock solutions containing HRP and AhpC in the same buffer (75 µL) were aliquoted into a 96 well microplate, then mixed with 1 volume of buffer at various pH values between 4 and 9.5 to give a final concentration of 10 mM phosphate, 10 mM boric acid, 10 mM sodium citrate, 100 mM sodium chloride, 0.1 mM DTPA, 7.5 µM HRP, and 0, 2, 4, 8, 12, or 16 µM AhpC in a final volume of 150 µL.
The starting HRP absorbance for each sample was determined at 403 nm in a Tecan Safire 2 microplate reader. (24) for k HRP was used. Below pH 5, the second order rate constant for HRP was calculated for each pH using eq 3 and the ionization constants determined in the previous study (24) 
The k AhpC at each pH was plotted versus pH, and the pK a was calculated by direct fit to eq 1, where y ) k AhpC .
RESULTS

Stability of StAhpC after Prolonged Incubation in Buffers at Various pH Values.
Changes in protein conformation often result in alterations in the fluorescence properties of a protein due to changes in the local environment of the tryptophan residues. AhpC has three tryptophan residues (W32, W81, and W169), with one, W81, located near C46. While no difference can be observed in the fluorescence properties of reduced and oxidized AhpC, protein denaturation in the presence of 3 M GuHCl or 80 mM HCl results in a 70% decrease in the fluorescence intensity of AhpC with excitation at 280 nm and emission at 350 nm (see Supporting Information, Figure S1 ). Because this serves as a sensitive probe of the folding status of this protein, AhpC fluorescence was measured after 24 h incubations in buffers between pH 3 and 11. No significant change was observed in the fluorescence intensity of either reduced or oxidized AhpC between pH 4.5 and 10, indicating that both are stable across the pH range required for pK a determinations. In further experiments, AhpC fluorescence did not change over 20-30 min in buffers at pH values down to 4.14, allowing relatively short experiments to be conducted without stability problems within this limited range.
Determination of Cysteine pK a by Measuring Absorbance at 240 nm across a Range of pH Values. Absorbance at 240 nm has been used previously to monitor the protonation state of cysteine residues in proteins (27) (28) (29) . Given the stability results described above, the ε 240 was determined for both oxidized and reduced wild-type AhpC at a variety of pH values between 4.5 and 9.5. While the oxidized protein did not exhibit a significant pH-dependent change in ε 240 , the reduced protein exhibited a single apparent pK a value of 5.84 ( 0.02 (Figure 1a) . The difference in ε 240 between reduced AhpC at high pH and the oxidized protein was ∼9,700 M -1 cm -1 . If a standard range of ε 240 for a single thiol group of 4,000-6,000 M -1 cm -1 (27) were used, this would suggest that two cysteine residues with similar pK a values were undergoing changes in protonation state during the course of this titration. This interpretation is not clear-cut, however, since thiolate extinction coefficients may be quite variable, with reported values as low 2,300 and as high (at 229 nm) as 7,500 M -1 cm -1 (30, 31) . Furthermore, the presence of nearby aromatic residues may alter the spectral signature of this ionization. Given the data presented below, we can be b Rmeas is the multiplicity weighted merging R-factor, and Rmrgd-F is an indicator of the quality of reduced data (42) .
c Final rigid body refinement of the locally unfolded model after manual rebuilding to minimize clases gives an R/R free of 0.301/0.308. relatively confident that C46 is centrally involved in the extinction coefficient change observed at 240 nm; whether or not C165 also titrates through this pH range with a very similar pK a is not clear.
In order to distinguish the pK a values for each individual cysteine and provide for an additional control titration in an AhpC lacking both cysteine residues, the experiment was repeated using the single cysteine mutants, C165S and C46S, and the double cysteine mutant C46S/C165S. Not surprisingly, the C165S/C46S mutant did not exhibit a significant pH-dependent change in the ε 240 (Figure 1b) . While there were some pH-dependent changes observed in ε 240 for both the C165S and C46S mutants (Figure 1b) , these changes were neither large enough nor in the expected direction to permit an evaluation of the cysteine pK a values, nor did they help in the interpretation of the pK a value obtained for the titration of the wild type protein. These complexities suggested that this type of analysis for AhpC may be confounded by additional conformational changes occurring during the pH titration, at least in the case of the mutant proteins.
Determination of Apparent Cysteine pK a by Monitoring ReactiVity with Iodoacetamide DeriVatiVes across a Range of pH Values.
Although a reasonable pK a value was obtained for the wild type protein by monitoring the ε 240 , the single apparent pK a value obtained for the two cysteine residues in wild type AhpC and the inconsistencies with the mutant proteins made it imperative to evaluate the pK a values using alternative methods. Nuclear magnetic resonance approaches, which in favorable cases also allow monitoring of the protonation/deprotonation behavior of cysteine residues in their native environment across a pH range, did not turn out to work for this protein. Even when 2-13 C-cysteine was incorporated, neither cysteine signal was readily distinguished by 13 C NMR; this is not surprising since the decameric form of AhpC is very large and would result in a significant broadening of peaks due to slow tumbling of the protein in solution (Nelson, K. J., Horita, D. A., and Poole, L. B., unpublished results).
Because the protonated form of cysteine is unreactive with iodoacetamide, the increase in reaction rate with this reagent as pH increases reflects titration of the target cysteine residue (in the absence of changes in environment and/or accessibility of the target cysteine residue), and this technique has frequently been used to determine cysteine pK a values (32) (33) (34) (35) . In order to obtain the pK a value for both the peroxidatic (C46) and resolving (C165) cysteines, fluorescein iodoacetamide was incubated with either the C165S or C46S mutant of AhpC, and the rate of alkylation was determined by measuring the fluorescence intensity associated with the protein band after SDS-PAGE (Figure 2a ). Using this technique, the pK a values for C46 and C165 were 7.87 ( 0.06 and 8.64 ( 0.05, respectively. Both of these values are much higher than the value determined for wild type AhpC by measuring the pH dependence of ε 240 and are approaching the pK a value of 8.44 measured for free cysteine (10) , suggesting that fluorescein iodoacetamide might be reacting with both cysteine residues of AhpC in the locally unfolded rather than fully folded conformation.
A new isotope-coded method was recently developed in our laboratory to determine cysteine pK a values by monitoring the pH dependence of their reactivity with IAAn (15) . The rate of reaction with the protiated version of this reagent (d 0 -IAAn) was determined using mass spectrometry to compare the intensity of the alkylated tryptic peptide to a standard amount of the same peptide labeled with the deuterated version of the reagent (d 5 -IAAn). This method was tested with E. coli thioredoxin and gave pK a values very similar to those previously published for chemical modification studies with this protein (15) . This technique can be used to study wild type AhpC directly since both cysteine residues in this protein are on different tryptic peptides. As cumene hydroperoxide is similar in size and a reasonably good substrate for AhpC (36) , IAAn, which also possesses a phenyl group, could be expected to access the active site pocket as a substrate analogue during modification of the protein. Using this technique, the pK a values obtained for C46 and C165 were similar to those obtained with fluorescein iodoacetamide, however, at 8.55 ( 0.21 and 8.74 ( 0.19, respectively (Figure 2b) .
We previously showed that IAAn is about 3-fold more reactive with free cysteine than is iodoacetamide (15) . Interestingly, AhpC reacted 8.9-fold more rapidly with IAAn than with iodoacetamide at pH 7, suggestive of an activating effect from the hydrophobic nature of the IAAn ( Table 2 ). The reaction rates of fluorescein iodoacetamide, IAAn, and the smallest of the reagents, iodoacetamide, are relatively slow compared to turnover rates of about 3100 min -1 and 2400 min -1 with hydrogen peroxide and cumene hydroper- The pK a was determined from the ε 240 versus pH plot by direct fit to eq 1 as described in Methods. (b) As described for panel a, the pH-dependent change in absorbance was measured for C46S (O), C165S (b) and the C46S, C165S double mutant of AhpC (∆). We were not able to fit these data to eq 1.
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Biochemistry, Vol. xxx, No. xx, XXXX E oxide, respectively, at 400 µM. In addition, the reactions with both iodoacetamide and IAAn were slower than with fluorescein iodoacetamide, the bulkiest derivative, which was expected to have difficulties accessing C46 within the fully folded active site of AhpC. These data along with the fact that the pK a values were so similar to free cysteine suggested that the peroxidatic cysteine was partially or totally inaccessible within the fully folded protein and that the predominant reaction of these alkylating agents was with the portion of the AhpC population that was in the locally unfolded conformation.
X-Ray Crystal Structure of the IAAn-Generated Adduct of AhpC Confirms a Locally Unfolded ActiVe Site.
To determine the conformation of the alkylated AhpC product (AhpC-C46AAn), the crystal structure was obtained for C165S AhpC that had been fully modified with IAAn. Since the usable data only extended to 4.0 Å resolution, search models were used of both a fully folded and a locally unfolded active site in order to compare and control for possible model bias in the electron density maps. For the fully folded structure, the extra step was taken to remove the C-terminal residues from the search model so that any electron density showing up for the ordered C-terminal helix would provide unbiased and strong proof of both its presence and a fully folded active site. Finally, for model selection, model bias was minimized by only carrying out rigid body refinement, and the close match between R and R free values (Table 1) confirms that minimal overfitting has occurred.
The omit maps generated with the fully folded and locally unfolded models show similar electron density in the alkylated AhpC active site, and both omit maps clearly follow the path of the locally unfolded model (Figure 3b and d) . Even if omit maps are not used, the electron density still strongly follows the path of the locally unfolded conformation ( Figure 3a and c) ; however, in the map generated using the fully folded model, a slight bias can be seen as the electron density is somewhat stronger along the path of the fully folded chain (Figure 3a) . Thus, the active site density is strongly indicative of the structure of AhpC-C46AAn adopting the locally unfolded conformation. Furthermore, independent confirmation that the structure is locally unfolded is provided by the lack of electron density for the C-terminal helix in any of the maps. These results support our hypothesis that these bulky reagents are excluded from the active site and react with the C P only in its locally unfolded conformation.
Determination of a Functional pK a for AhpC by Monitoring the pH Dependence of Competition with HRP for
Hydrogen Peroxide. In order to directly target AhpC in the fully folded conformation, which represents the peroxidereactive structure, we turned to a technique by which we could monitor the pH dependence of the reaction of AhpC with hydrogen peroxide. The typical activity assay, which includes AhpF or a truncated form of this electron-donating protein (1, 17, 37) , was not used due to potential complications resulting from pH-dependent changes in that protein.
Instead, in the experiments undertaken here, the pH dependence of AhpC reduction of H 2 O 2 was determined by monitoring the ability of AhpC to compete with HRP in a manner similar to the method used by Ogusucu et al. (13) . At pH values of 5 or above, HRP reacts with hydrogen peroxide to produce compound I with a second order rate constant of 1.8 × 10 7 M -1 s -1 (24), a rate which is nearly identical to that for AhpC with hydrogen peroxide (3.7 × 10 7 M -1 s ), allowing the amount of HRP oxidation to be determined spectroscopically. The rate of HRP reaction with hydrogen peroxide is Rates of reaction with iodoacetamide and IAAn were determined by a subsequent thiol assay conducted at multiple time points, whereas modification by fluorescein iodoacetamide was assessed using a gel method to detect fluorescently labeled protein as described in Methods.
b The reaction rates of AhpC with hydrogen peroxide and cumene hydroperoxide were calculated from the previously determined steady state parameters, k cat and Km (1, 36) . independent of pH from 5 to 9.4 as confirmed again in our experiments (see below), which means any difference in rate as a function of pH is due to changes in AhpC reactivity (25) . As long as the peroxide concentration is lower than the HRP concentration, the second order rate constant for AhpC reduction of hydrogen peroxide can be determined by plotting the percent inhibition of compound I formation (F/1 -F) as a function of AhpC concentration using equation 2.
To test this approach, the amount of HRP (starting concentration ) 7. . This value is nearly identical to the published value for k cat /K m of 3.7 × 10 7 M -1 s -1 (1), confirming that we are measuring the reaction of AhpC with hydrogen peroxide. The rate of HRP oxidation was also determined in the absence of AhpC by stoppedflow spectroscopy, and no change was observed in the rate of compound I formation between pH 5.43 and 9.05 (data not shown). Below pH 5, the rate decreased, consistent with the earlier report by Dolman et al. (24) . We therefore corrected the k AhpC at pH 5 and below on the basis of the decreased k HRP calculated from eq 3 and the pK a values reported earlier (24) . The second order rate constants for AhpC reduction of H 2 O 2 were determined at various pH values between 4 and 9, and the resulting rates were plotted versus pH to obtain a pK a value of 5.94 ( 0.10 ( Figure 4 ). Because we are measuring the pH dependence of the catalytic activity of the protein, we attribute this pK a to C46 and can be confident that we are only measuring the conformational state of the protein in which the C P is activated for peroxide attack (the fully folded conformation). Figures S2 a and b) . Data plotted as either k AhpC or relative rate versus pH were fit to eq 1 as described in Experimental Procedures.
DISCUSSION
We report here a cysteine pK a value of 5.84 from ε 240 measurements and a functional pK a of 5.94 that is based on reactivity with peroxide. Although the assignment of the spectroscopically determined pK a to one or both cysteine residues is problematic, the pK a from the peroxidase rate likely reflects only the protonation state of C46 in the fully folded, active conformation of the protein. Because the locally unfolded form would be essentially unreactive with peroxide at all pH values tested, this species would not be detected in the peroxide competition assay.
The functional pK a value we observe for AhpC (5.94 ( 0.10) is similar to the values reported by Ogusucu et al. for yeast Tsa1 and Tsa2 (5.4 and 6.0) (13) and the estimated pK a value of 5 to 6 for Prx2 suggested by Peskin et al. based upon the relative amount of disulfide bond formation across a range of pH values (38) . It is also close to the value obtained by pH dependence of the ε 240 of AhpC (5.84 ( 0.02), although the behavior of the corresponding mutant enzymes, and particularly C165S, does not firmly support assignment of this pK a to one or both cysteine residues. Our pK a values do not agree with an earlier report that suggests that the pK a for C46 in StAhpC is less than 5 (14) . Given the difficulties we encountered using alkylating agents in the present study, the slow reaction of iodoacetamide with AhpC, and the use of mutant proteins and a single time point for generating the data in the previous study, our value of 5.9 using the HRP competition assay with wild type AhpC is a more reliable measurement.
The pK a value for AhpC is not as low as reported for some other proteins that use thiolates in nucleophilic redox reactions such as E. coli glutaredoxin-3 (pK a < 5.5) (39) and DsbA (pK a ) 3.5) (34), but it is lower than the pK a for the nucleophilic cysteine (C32) of thioredoxin, which is 6.7-7.1 (35, 40) . In fact, a pK a lower than 5.9 is unlikely to dramatically increase the efficiency of AhpC since a pK a of 6 means that 91% of the C P are deprotonated at pH 7 (based upon the Henderson-Hasselbach equation), compared to only 3% of cysteine being deprotonated with a pK a of 8.5. Also, once the thiolate is formed, its nucleophilicity actually decreases as its pK a is lowered (11, 12) , a point that is often missed in the current reactive cysteine literature. Given the pK a of about 5.9, AhpC appears to balance these two factors which affect its enzymatic function.
Alkylation-based studies gave pK a values around 8.5 for both cysteine residues; the similarity to values for unperturbed free cysteines can be explained by the use of relatively bulky reagents that presumably are excluded from the fully folded active site pocket containing C46, and from the similarly buried C165. Localized unfolding in the region of these residues is well documented (41) , and the dynamic effects, which allow for transient accessibility of the cysteine residues may be responsible for the relatively slow alkylation observed (Table 2 ). This was further investigated by X-ray crystallography, which indeed showed a locally unfolded conformation for the IAAn-modified protein. These results therefore support the idea that the reduced enzyme exists in dynamically fluctuating conformations in solution even without prior oxidation of the C P to sulfenic acid.
We were not able to obtain a clear pK a value for the C R in these studies. It is possible that the values of 8.6-8.7
obtained from the iodoacetamide-based alkylation experiments are correct for C165 in the fully folded conformation, but we expect from the crystal structure and data with C46 that these values also reflect the locally unfolded conformation of the C R . Previous studies by Bryk et al. using alkylation data also suggested a value of 8.7 for the pK a of C165 from StAhpC (14) , but these results may similarly have reflected the locally unfolded rather than fully folded form of C46S.
With the present investigation, the pK a value for the C P of StAhpC joins those from two other studies of Prxs (13, 38) , which suggest that the conserved active site environment of this broad family of peroxidases serves to lower the pK a of the critical cysteine by roughly 2.5 to 3 pH units to a value between 5.4 and 6. Such a pK a value allows for the C P within a large percentage of enzyme molecules to exist in its activated, deprotonated state at pH values of 7 or greater, yet helps promote the nucleophilicity of the C P thiolate, which would suffer if the pK a were lowered even further.
